Objective: Male Sprague-Dawley rats maintained from birth on a high-fat diet were examined to determine whether a specific measure before puberty can identify and allow one to characterize prepubertal rats at normal weight with high vs low risk for adult obesity. Materials and methods: Measures from weaning (day 21) to around puberty (day 45) were taken of weight gain, absolute body weight and daily energy intake on a high-fat diet and related to the amount of body fat accumulated at maturity (80-100 days of age). Rats identified by a specific prepubertal measure as obesity-prone (OP) vs obesity-resistant (OR) were then characterized before and after puberty. Results: Prepubertal weight gain from days 30 to 35 of age was the strongest and earliest positive correlate of ultimate body fat accrual in adult rats. The highest (8-10 g/day) compared to lowest (5-7 g/day) weight-gain scores identified accurately and reproducibly distinct OP and OR subgroups at day 35 that became obese or remained lean, respectively, as adults. The OP rats with rapid prepubertal weight gain and 50% greater adiposity at maturity (day 100) exhibited the expected phenotype of already-obese rats. These included elevated levels of leptin, insulin, triglycerides and glucose, increased galanin (GAL) peptide levels in the paraventricular nucleus (PVN) and reduced neuropeptide Y (NPY) levels in the arcuate nucleus (ARC). Before puberty (day 35), the OP rats with normal fat pad weights, energy intake and endocrine profile similar to OR rats exhibited these disturbances characteristic of obese rats. They had decreased capacity for fat oxidation in muscle, increased GAL expression in PVN and reduced expression of NPY and agouti-related protein in ARC. Conclusion: Prepubertal weight gain can identify OP rats on day 35 when they have minimal body fat but exhibit specific metabolic and neurochemical disturbances expected to promote obesity and characteristics of already-obese adult rats.
Introduction
To identify and characterize physiological and neurochemical processes that are causally related to obesity, it is essential to examine subjects in a normal state, before a significant increase in body fat accrual. While this is relatively easy to do in genetically inbred or selectively-bred strains, it is more difficult in genetically heterogeneous animal populations with no obvious phenotype. In seeking to identify subtle disturbances in outbred strains before their exhibiting an obese pattern, investigators have taken advantage of the fact that subjects within these populations show considerable variability in their behavioral phenotype and propensity toward obesity. For example, in adult SpragueDawley rats on pure macronutrient or fat-rich diets, measures of weight gain, energy intake or fat preference are found to vary considerably in direct proportion to ultimate body fat accrual, [1] [2] [3] [4] [5] with the weight-gain measure providing the basis for selective breeding of rats prone vs resistant to obesity. 6, 7 This variability has enabled investigators to identify measures in adult rats, at normal body weight, that can accurately and reproducibly differentiate distinct subgroups that are obesity-prone (OP) or obesity-resistant (OR). These markers of obesity include initial weight gain during the first few days on a high-fat diet, 1, 8 levels of leptin after a single high-fat meal in rats maintained on a lab chow diet, 9 Building on this evidence in mature subjects, the present study questioned whether specific measures in prepubertal animals are sufficiently sensitive and stable to predict adult patterns of food intake and body weight. The discovery of a well-defined biomarker before puberty in an outbred strain could provide a unique window into a dynamic period of development and body fat accrual when distinct phenotypes of OP or OR subjects may be expressed. At present, there appear to be no models of this nature in the animal literature, with only one report showing body weight at weaning to be positively related to diet-induced weight gain in adult rats. 23 In the clinical literature, various early risk factors for adult obesity have been identified. They include parental obesity and diabetes, elevated birth weight or weight gain early in life, prepubertal energy intake, early exposure to fatty foods, higher fasting levels of insulin, leptin and glucose, and a reduction in fat oxidation. [24] [25] [26] [27] [28] [29] [30] [31] [32] At normal weight, children of obese parents are found to have reduced muscle oxidative capacity along with greater fat mass when compared with their lean counterparts. 33 Studies characterizing prepubertal animals that are prone to obesity have been conducted primarily in inbred or selectively bred rodents. At normal body weight, juvenile OP inbred mice are found to exhibit increased levels of triglycerides, leptin and PVN-GAL compared with lean mice, 34 and OP Osborne-Mendel rats compared with the OR S5B/Pl strain show reduced sensitivity to the behavioral and metabolic effects of a beta-3 agonist. 35 Also, studies in selectively bred OP rats before puberty have revealed a decrease in expression of leptin receptors in the ARC, along with reduced sensitivity to leptin, but no change in NPY. [36] [37] [38] These investigations in genetic strains demonstrate clear disturbances before puberty, at normal weight, that are likely to contribute to long-term accumulation of body fat.
The present study focused on outbred rats, with the goal of identifying measures that can distinguish prepubertal animals that are prone vs resistant to adult obesity and then, as in the genetic strains, of phenotyping these subpopulations to elucidate mechanisms occurring early in life that are causally related to obesity. Four experiments were conducted. In Experiments 1 and 2, efforts were made to establish which of the prepubertal measures, absolute body weight, daily weight gain or total energy intake, is most strongly and directly related to body fat accrual at maturity, and determine the earliest age at which this relationship could be seen. After establishing the precise model for identifying OP and OR rats before puberty, Experiments 3 and 4 were then conducted to characterize these prepubertal rats at normal weight and determine whether OP animals as compared with OR animals exhibited early disturbances that are typically seen in adult OP rats after becoming obese. These experiments showed prepubertal weight gain to be the strongest and earliest predictor of adult obesity and revealed specific metabolic and neuropeptide disturbances in prepubertal OP rats while they still had minimal body fat and a normal endocrine profile.
Materials and methods

Subjects
Ten-day pregnant Sprague-Dawley rats (200-225 g; Charles River Breeding Labs, Kingston, NY, USA) were individually housed (221C, with lights off at 1530 for 12 h) in a fully accredited American Association for the Accreditation of Laboratory Animal Care facility, according to institutionally approved protocols as specified in the NIH Guide to the Use and Care of Animals and with the approval of the Rockefeller University Animal Care Committee. They were maintained ad libitum on standard laboratory chow and water until parturition. All protocols fully conformed to the guiding principles for research involving animals and human beings. 39 At birth, the male pups from two litters were given to a single dam, to create litters each consisting of 12 males.
Diets
From birth, the dams and litters were maintained ad libitum on a high-fat diet. The constituents of this high-fat diet (5.15 kcal/g) described in detail elsewhere 8 
Test procedures
In Experiments 1 and 2, the litters of male pups (n ¼ 12/litter) were maintained ad libitum since birth on a high-fat diet until maturity. Measurements were taken of body weight (g), daily weight gain (g/day), and total energy intake (kcal/day) every 2 to 3 days from weaning (day 21) until 45 days of age and then weekly, until the rats killing at 80 or 100 days of age. At the end of the experiment, the rats were killed by decapitation 1 h before dark. Their unilateral body fat from three regions (gonadal, retroperitoneal and inguinal tissue) and the mesenteric fat pad were dissected and weighed, with total fat pad weights (referred to as 'body fat' in the text) recorded as a sum of the four individual fat pads. To determine which prepubertal measure and age yielded the strongest correlate of adult obesity, these measures recorded before puberty onset (around day 50) were averaged across five different periods, days 21-25, 25-30, 30-35, 35-40 and 40-45 , and were correlated with the weight of the four fat pads dissected at 80 or 100 days of age. The data were further analyzed retrospectively and prospectively. For the retrospective analysis, the rats in each litter were separated into two subgroups based on their average body fat scores at maturity (50% highest and 50% lowest scores, with n ¼ 6/ subgroup/litter), and the different prepubertal measures of these 'high body fat' and 'low body fat' subgroups were compared to identify the one that showed the greatest group difference. For the prospective analysis, these same rats were subgrouped based on their prepubertal measures (days , to determine if they could in fact distinguish adult rats with a differential propensity toward obesity or leanness (at 80 or 100 days of age) and with significant differences in their physiological and neurochemical profile. In this analysis, the prepubertal measures for body weight, weight gain and energy intake within each experiment were found to be very similar across litters, with the exception of one litter that was unusually low in body weight and therefore eliminated from the experiment. Thus, the prepubertal data could be combined to create and further characterize larger subgroups of prepubertal OP and OR rats with 33% highest vs 33% lowest weight-gain scores (and middle group eliminated), which had high and low body fat, respectively, at maturity. With the results of both Experiments 1 and 2 showing prepubertal weight gain to have the strongest and most consistent relation to body fat accrual, the rats in Experiments 3 and 4 were separated based on this measure into OP (high weight gain) and OR (low weight gain) subgroups and then further examined before puberty with a variety of endocrine, metabolic and neuropeptide measures that might explain their differential propensity. Trunk blood was collected for measurements of the hormones, leptin and insulin, and the metabolites, triglycerides and glucose, and gastrocnemius muscle was rapidly dissected and frozen in liquid nitrogen for subsequent analysis of the metabolic enzyme activities, b-hydroxyacyl-CoA dehydrogenase (HADH) and citrate synthase (CS). In Experiment 2, the OP and OR subgroups were killed at 100 days of age, after they had already reached an obese state or remained lean, respectively, and their brains were removed and prepared for measurement via radioimmunoassay of GAL levels in the PVN and NPY levels in the ARC. In Experiments 3 and 4, the OP and OR rats were killed before puberty at 35 days of age while they were still of relatively normal body weight and had very low fat pad weights. Their brains were prepared for analysis of peptide mRNA and levels using real-time quantitative PCR, in situ hybridization and immunocytochemistry.
Hormone and metabolite determinations Serum from trunk blood was assayed for leptin and insulin, using assay kits from Linco Research Inc. (Billerica, MA, USA). It was also assayed for triglycerides and glucose levels with an E-Max Mircoplate Reader using a Triglyceride Assay Kit or glucose Trinder Reagent Kit, respectively (Sigma, St Louis, MO, USA).
Measurements of metabolic enzyme activity
Assays for HADH and CS activity in gastrocnemius muscle were conducted by Drs James Hill and Ellis Gayles at the Center for Human Nutrition, University of Colorado, Denver, CO, USA.
2 Briefly, the tissue was homogenized in a 0.1 M K 2 HPO 4 buffer (1:10 wt/vol) and then diluted further with either a 40 mM K 2 HPO 4 , glycerin and mercaptoethanol solution to a 5% vol/vol concentration or diluted to 1% with 0.1% Triton X-100 (CS). For determination of tissue HADH activity, 0.1 ml of homogenate was added to a 0.9 ml reaction mixture (1.67 M triethanolamine, 500 mM EDTA, 2 mM NADH and 1 mM acetoacetyl CoA). The disappearance of NADH was then measured for 5 min at 340 nm. Preliminary studies were performed to determine the linearity of the reaction. Based on the results of these tests, the 5-min reaction time was chosen because the activity at this time was similar to that calculated at 10 min, and the 1 mM acetoacetyl CoA concentration was chosen because it provided maximal HADH activity. To measure CS, the method of Srere and Kosicki 40 was used as described previously. 41 The data for enzyme activity are presented as absolute reaction rates, in mmol/g/min.
Brain dissections
Immediately after killing, the brains used for measurements of GAL or NPY peptide using radioimmunoassay (RIA) or GAL, NPY and AgRP mRNA using real-time quantitative PCR were placed in a matrix with the ventral surface facing up. Three 1.0 mm coronal sections were made, with the middle optic chiasma as the anterior boundary. The sections were placed on a glass slide, and two hypothalamic areas, the PVN (Bregma À1.3 to À1.8 mm) and ARC (Bregma À2.6 to À3.3 mm) according to the atlas of Paxinos and Watson, 42 were rapidly microdissected under a microscope using the fornix and third ventricle as landmarks. 43 The PVN was dissected as a reversed isosceles triangle, 1.0 mm bilateral to the ventricle and between the fornix structures. For the ARC, the area adjacent to the bottom of the third ventricle was dissected parallel to the border of the ventricle, with the width of 0.1 mm at the top gradually widening to 0.3 mm at the bottom. These dissections were immediately frozen in liquid nitrogen and stored at À801C until processed. For in situ hybridization and immunocytochemistry, the brains were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 41C for 3 days and cryoprotected in 25% sucrose-phosphate buffer at 41C for a further 72 h, then frozen at À801C. Using a cryostat, the brains were cut into 30 mm thick sections. A consistent angle of cut was maintained based on the shape of the third ventricle, and the brains within a given experiment were always processed at the same time to maintain stringent tissue preparation and staining conditions. Alternate sections were used for in situ hybridization and immunocytochemistry.
Radioimmunoassay
The microdissected samples of the PVN and ARC were expelled into 2.0 M acetic acid. Galanin-like immunoreactivity was measured as described, 44 using polyclonal antisera generated in rabbits to a synthetic rat galanin and rat 125 I-labeled GAL (Peninsula Laboratories, Belmont, CA, USA). The samples were reconstituted in the assay buffer, and the primary antibody was diluted in buffer containing normal rabbit serum (1:75 000 and 0.5% final concentration, respectively). Buffer, antibody, samples or synthetic rat GAL standards were added at the set-up and incubated for 72 h at 41C. The radiolabeled GAL was then added, and incubation was continued for 24 h. Phase separation was achieved by the addition of goat anti-rabbit g globulin. This assay has a sensitivity of 4 pg, an ED 50 of 55 pg, and intraand inter-assay coefficients of variation of 7 and 18%, respectively. The NPY-like immunoreactivity in the microdissected tissues was measured by RIA, as described previously with minor modifications. 17 Briefly, the assay buffer was a 0.05 M phosphate buffer pH 7.4, 0.1% sodium azide, 0.25% bovine serum albumin. Porcine NPY (Peninsula) was used as standard. Antiserum for NPY was generously supplied by Dr MR Brown, University of California, San Diego. The antiserum (100 ml), at a final dilution of 1/240 000, and the standards or reconstituted samples (200 ml in assay buffer) were preincubated for 24 h at 41C. Then 100 ml of tracer ( 125 I-NPY labeled with Bolton Hunter reagent, NEX222, Dupont Chemicals, Boston, MA, USA) was added and incubated for a further 24 h. The free and the antibody-bound NPY were separated by adding 500 ml of charcoal (2.5%) and dextran-70 (0.25%) solution. Bound fraction was measured in a gamma counter. The final dilution of antibody was chosen to achieve a total binding of 125 I-NPY at 40-45%. The assay sensitivity was 10 pg/tube, and the decrease of 50% of the bound activity was obtained for 50 pg/tube. The nonspecific binding for the assay buffer was less than 9.0%, and the intra-and inter-assay coefficients of variation were 5.0 and 9.4%, respectively.
Real-time quantitative PCR As described previously, 43 total RNA from pooled microdissected PVN or ARC samples was extracted with TRIzol reagent. RNA was treated with RNase-free DNase I before RT. For quantitative PCR, cDNA and minus RT were synthesized using an oligo-dT primer with or without SuperScript II reverse transcriptase. The SYBR Green PCR core reagents kit (Applied Biosystems, CA, USA) was used, with b-actin as endogenous control. PCR was performed in MicroAmp Optic 96-well Reaction Plates (Applied Biosystems) on an ABI PRISM 7900 Sequence Detection system (Applied Biosystems), with the condition of 2 min at 501C, 10 min at 951C, then 40 cycles of 15 s at 951C and 1 min at 601C. Each study consisted of four independent runs of PCR in triplicate, and each run included a standard curve, non-template control and negative RT control. The levels of peptide gene expression were quantified relative to the level of b-actin using standard curve method. The primers, designed with ABI Primer Express V.1.5a software based on published sequences, were ( In situ hybridization histochemistry For in situ hybridization, a digoxigenin-labeled antisense RNA probe was in vitro transcribed, as described. 17 The freefloating, coronal sections were consecutively treated as follows: 10 min in 0.001% proteinase K, 5 min in 4% paraformaldehyde, 10 min each in 0.2 N HCl and acetylation solution, and 18 h in hybridization buffer (at 551C), between each step 2 Â 5 min wash in PB (0.1 M pH 7.2). This was followed by 20 min in 5 Â SSC, 30 min in 50% formamide, both at 601C, 30 min in RNase A (1 mg/ml) at 371C. Then, the sections were incubated in AP-conjugated sheep anti-digoxigenin Fab fragments (1:500, Roche, Basel, Switzerland) for 16 h and developed in freshly prepared color developer (50 ml
Prediction of obesity-prone rats before puberty KL Leibowitz et al 4-nitroblue tetrazotium chloride solution, 37.5 ml 5-bromo-4-chloro-3-indolyl-phosphate solution in 10 ml Tris buffer, pH 9.5 (Roche)). Finally, the sections were fixed for 10 min in 4% paraformaldehyde, then mounted, air-dried, dehydrated, cleared and coverslipped. The sense probe control was performed in the same tissue, and no signal was found. All procedures were conducted at room temperature, unless otherwise indicated.
Immunocytochemistry
For immunocytochemistry, the free-floating sections were pretreated in an 80% methanol-PBS solution containing 0.03% H 2 O 2 for 30 min. This was followed by a 30 min blocking in 5% normal goat serum PBS containing 0.5% Triton X-100, overnight incubation in rabbit anti-galanin polyclonal serum ( Semi-quantification of in situ hybridization and immunocytochemistry Sections were viewed using a Leitz microscope with a 10 Â illumination objective, and images were captured with a Nikon DXM 1200 digital camera. Captured image was analyzed using Image-Pro Plus software (Version 4.5, Media Cybernetics Inc., Silver Spring, MD, USA) on a gray-value scale from 1 to 255. Ten sections at the same level in each area were examined in each animal. The hypothalamic nucleus was outlined, and the number of GAL or NPY neurons and fibers was counted and expressed as number of GAL or NPY neurons/mm 2 and objects/mm 2 , respectively. Average density in each area for different groups was compared and statistically analyzed. Before measurement, a threshold was first established. Using 10 randomly selected sections from the experiment, this threshold was set by matching the number of objects counted by the software in a defined area of each section with the number of objects counted manually in that area. The values obtained were 100 for mRNA and 65 for peptide-ir. When these numbers of cells or objects were found to match in all 10 sections, this threshold value, which varied across areas, was kept constant and used for all sections viewed within a given experiment. The analyses were performed by an observer blind to the identity of the animals.
Data analysis
All measures are expressed as mean7s.e.m. Statistical analyses were performed using a Student's unpaired t-test or a one-way ANOVA followed by a Duncan's new multiple range test for specific comparisons. Within-group measures of weight gain, absolute body weight, total energy intake and fat pad weights were related using a Pearson's product moment correlation. The criterion for the use of the term 'significant' in the text was that the probability value (P) for a given test be o0.05.
Results
The objectives of these experiments were to determine whether (1) specific measures before puberty onset (around day 50), of body weight, weight gain and total energy intake are positively correlated with and can accurately predict body fat accrual at maturity (Experiments 1 and 2); and (2) the OP rats identified by the most accurate, prepubertal predictor of adult obesity compared with the OR rats exhibit distinct phenotypes at normal weight that one would expect to cause the obesity (Experiments 3 and 4).
Experiment 1: prepubertal weight gain on a high-fat diet in relation to body fat accrual at maturity Male rats from four litters (n ¼ 12/litter) were maintained since birth on the high-fat diet and killed at 80 days of age. As described in Materials and methods, measurements of body weight, daily weight gain and total energy intake were taken and averaged across 5-day intervals from 21 to 45 days of age, with puberty onset at day 50, and were then related to the weight of the four fat pads dissected on day 80. In each of the four litters of this experiment, the measure showing the strongest relation to adult fat pad weights was prepubertal weight gain. This weight gain measure across 5-day intervals, from day 30 to 35 and older but not before day 30, yielded significant positive correlations ranging from r ¼ þ 0.57 to r ¼ þ 0.83 (Po0.01). With the four litters showing a very similar range of scores for days 30-35, they could be combined (n ¼ 48) and together yielded a strong correlation of r ¼ þ 0.72 (Po0.001), as illustrated in Figure 1 . This is in contrast to the prepubertal measures of absolute body weight and daily energy intake, which yielded considerably weaker correlations to fat pad weights at maturity, ranging from r ¼ þ 0.10 to r ¼ þ 0.28. Consistent with these correlations between the different measures, the retrospective and prospective analyses of the data (see Materials and methods) showed the weight-gain measure to be the earliest and strongest predictor, which could identify OP and OR subgroups at 35 days (2 weeks before puberty) that were significantly different in their adiposity at 80 days of age.
For the retrospective analysis, the rats in each litter were separated into two subgroups (n ¼ 6/subgroup/litter) based on their body fat scores at day 80. The four litters yielded A similar analysis of the prepubertal weight-gain scores before day 30 or of the body weight or energy-intake measures at any age, consistent with their weaker correlations to adiposity, revealed considerably smaller differences between the high and low body fat subgroups, with the average scores of the former less than 15% higher than the latter. The prospective analysis, which subgrouped these same rats based on their prepubertal measures, confirmed that the early weight-gain measure for days [30] [31] [32] [33] [34] [35] , in contrast to the other measures, could differentiate nearly distinct subgroups with significantly different fat pad weights on day 80 (insert in Figure 1 ). With the data from these four litters very similar, they were combined to form two larger subgroups (lowest and highest tertile, n ¼ 16/subgroup), with the low weight-gain OR rats gaining an average of 6.0 g/day (5.2-7.0 g/day) and the high weight-gain OP rats gaining an average of 8.8 g/day (8.0-10.5 g/day). This 2.7 g/day differential at 35 days of age yielded a considerable difference in the body fat scores at day 80. The OP rats accumulated more than 60% greater body fat than the OR rats (Figure 1) , with only one in each subgroup (6% of 32 rats) incorrectly classified. Again, a similar analysis of the weight-gain measure before day 30 or the body weight and energy-intake measures at any age failed to yield subgroups with significantly different body fat at maturity. Also, when the weightgain measure identified the subgroups on day 35, the OP and OR rats were marginally different in their body weight and energy intake, with the former only 12 g heavier (14676 vs 13474 g, Po0.05) and consuming 7 kcal more per day (6172.0 vs 5471.2 kcal, Po0.05). Experiment 2: prepubertal weight gain on the high-fat diet and phenotype of OP rats at 100 days of age This experiment tested two additional litters (n ¼ 12/litter) maintained on the high-fat diet and killed at 100 days of age. In addition to retesting the prediction model as described in Experiment 1, the OR and OP subgroups formed by the prepubertal weight-gain measure (days 30-35) in these two litters were further examined at maturity (day 100) after they had become obese or remained lean. The correlational, retrospective and prospective analyses of these data confirmed the results obtained in Experiment 1, showing the prepubertal weight-gain measure to be a strong correlate of adult body fat accrual that could identify distinct OR and OP subgroups. Both litters yielded significant positive correlations, r ¼ þ 0.59 and r ¼ þ 0.72 (Po0.01), between prepubertal weight gain and fat pad weights at maturity. Also, when subgrouped in the retrospective analysis based on their body fat scores (n ¼ 6/subgroup), the high body fat rats (41 g Prediction of obesity-prone rats before puberty KL Leibowitz et al compared to low body fat rats (27 g) in each litter had significantly higher prepubertal weight-gain scores, as shown in Table 1 . In the prospective analysis, the low (6.1 g/day) and high (9.4 g/day) prepubertal weight-gain measures combined for the two litters differentiated essentially distinct OR and OP subgroups, respectively (n ¼ 8/ subgroup), with only one of the OR rats incorrectly classified. At the time of the subgrouping (day 35), the OP rats were only 11 g heavier than the OR rats (15275 vs 14177 g, Po0.05). However, at 100 days of age, these subgroups formed based on their prepubertal weight gain were markedly different in their body fat and body weight scores (Table 2) , and they exhibited differences that are characteristic of obese and lean subgroups differentiated based on the weight of their fat mass. 8 Along with being 50 g heavier in body weight, the OP rats had at maturity significantly higher levels of leptin, insulin, triglycerides and glucose ( Table 2 ).
Further differences between these subgroups were revealed by measures of the orexigenic peptides in the hypothalamus using radioimmunoassay. The levels of GAL in the PVN were significantly higher in the OP rats, while NPY levels in the ARC were reduced ( Table 2 ).
Experiment 3: prepubertal weight gain model and phenotype of OP rats at 35 days of age
The findings of Experiments 1 and 2 set the stage for the next two experiments, which characterized the OP and OR rats on day 35, 2 weeks before puberty (day 50), when they were still close in body weight. The question to be addressed here is whether these prepubertal OP rats relative to the OR rats exhibit disturbances that are expected to contribute to their adult obesity and are possibly similar to those exhibited in the OP rats at 100 days of age after they had become obese. Using procedures similar to those of Experiment 2, two litters of rats (n ¼ 12/litter) were maintained on the high-fat diet and divided into two subgroups (n ¼ 8/group) based on their prepubertal weight gain from days 30 to 35. With the scores similar to Experiments 1 and 2, the OP rats gaining 8.5 g/day (range 7.8-9.1 g/day) compared with the OR rats gaining 6.7 g/day (range 6.0-7.2 g/day) would be expected to be approximately 50 g heavier and to have 50-60% heavier fat pad weights at maturity. At 35 days of age, these OP and OR subgroups, with small differences in their body weight, leptin and energy intake, still had minimal body fat (four dissected fat pads weighing only 3-4 g) and were similar in their serum levels of insulin, triglycerides and glucose. They were significantly different, however, in their measures of fat metabolism and their neurochemical profile as revealed by in situ hybridization and immunocytochemistry (Table 3) . With a small decline in HADH activity (3.8670.26 vs 4.4770.38 mmol/g/min) and no change in CS activity (19.372.6 vs 17.371.7 mmol/g/min), the OP rats before puberty exhibited a significant decrease in the ratio of HADH/CS activity in muscle, reflecting reduced fat oxidation ( Figure 2 ). They also showed significantly greater GAL mRNA and peptide-ir in the PVN and a small but significant decrease in NPY mRNA and peptide-ir in the ARC (Figure 2 ), as illustrated in the photomicrographs of Figure 3 . Interestingly, this phenotype in prepubertal OP rats with minimal body fat is similar to that seen in 100-day-old OP rats after they had become obese and accumulated 39 g of fat mass, as shown in Table 2 and published reports.
41
Experiment 4: phenotype of OP rats at 35 days of age with normal energy intake and body weight Building on the results of Experiment 3, this final experiment tested an additional set of rats on the high-fat diet to determine whether the disturbances in hypothalamic Prediction of obesity-prone rats before puberty KL Leibowitz et al peptides seen in OP rats with slightly elevated energy intake, body fat and leptin are still evident under conditions when the OP and OR remain similar in these measures. In this experiment, three litters (n ¼ 12/litter) were tested to form three subgroups (n ¼ 8/subgroup) based on their prepubertal weight gain, and the expression of the orexigenic peptides GAL and NPY in addition to AgRP was measured via real-time quantitative PCR in rats killed on day 35. The three subgroups consisted of (1) OR rats with low weight gain (6.6-7.0 g/day) and normal daily energy intake, (2) normophagic OP rats with higher weight gain (7.7-8.4 g/day) but daily energy intake similar to the OR subgroup and 3) hyperphagic OP rats with higher weight gain (7.7-8.6 g/day) and greater energy intake ( þ 15%) compared to the OR subgroup. While both OP subgroups were approximately 10% heavier by day 35 than the OR subgroup due to their more rapid weight gain, the measures of body fat and daily energy intake of the normophagic OP rats were found to be similar to the OR subgroup, although significantly elevated in the hyperphagic OP rats, and both the normophagic and hyperphagic OP subgroups had normal levels of leptin, insulin, triglycerides and glucose (Table 4) . Despite these similar scores, the subgroups still differed in their peptide gene expression, revealing the same pattern as that shown in Experiments 2 and 3. In the OP compared to OR rats, GAL expression was significantly elevated in the PVN, while NPY expression was significantly reduced in the ARC (Figure 4 ). The expression of AgRP, which coexists with NPY in neurons of the ARC, 45 was also lower in the OP rats, whether they were normophagic or hyperphagic. Thus, 35-day-old OP rats with minimal body fat and normal leptin levels as well as energy intake exhibit disturbances in their hypothalamic peptides that are similar to those detected in adult OP rats (Experiment 2), which have already become obese.
Discussion
The findings of Experiments 1 and 2 demonstrate that the measure of prepubertal weight gain in Sprague-Dawley rats Prediction of obesity-prone rats before puberty KL Leibowitz et al on a high-fat diet at 30-35 days of age (2-3 weeks before puberty) is significantly, positively correlated with body fat accrual at maturity and more strongly related than the prepubertal measures of absolute body weight or daily energy intake. This weight-gain measure identified accurately and reproducibly the OP rats, with only 6% of the rats misclassified. The highest weight-gain scores, generally in the range of 8-10 g/day, subgrouped prepubertal OP rats that as adults (80-100 days of age) had 50-100% heavier fat pad weights and higher leptin levels than prepubertal OR rats with the lowest weight gain, generally in the range of 5-7 g/day. When classified at 35 days of age, these OP and OR subgroups still had very little body fat, and the OP rats were similar to the OR rats or only slightly elevated in their measures of fat mass, daily energy intake, hormones and metabolites. In preliminary experiments with rats maintained on pure macronutrient diets, the rats' preference for dietary fat was also found to be positively correlated with body fat at maturity, but this relationship was not as strong and consistent as that observed for the weight-gain measure. Together, these results establish a model for predicting, with a simple non-invasive measure of weight gain, the propensity of prepubertal animals for adult obesity on a high-fat diet.
When identified based on their prepubertal weight-gain scores, the OP rats with the highest weight gain compared with the OR animals with lowest weight gain showed clear disturbances as adults in their endocrine and neuropeptide measures. Their greater adiposity at 100 days of age was associated with significantly higher levels of leptin, insulin, triglycerides and glucose. It was also accompanied by elevated levels of GAL peptide in the PVN and reduced levels of NPY in the ARC. These characteristics have been commonly described in animals with frank (1) low weight gain (obesity-resistant, OR); (2) high weight-gain (obesity-prone, OP) with normal energy intake (normophagic); and (3) high weight gain (obesity-prone, OP) with elevated energy intake (hyperphagic) (Experiment 5). Values are means7s.e.m. In the OP rats, GAL mRNA is significantly elevated in the PVN, while NPY and AgRP mRNA is significantly reduced. *Po0.05 for comparisons between low weight gain and high weight gain, normophagic or hyperphagic rats.
Prediction of obesity-prone rats before puberty KL Leibowitz et al obesity. 6, 7, 14, 18, [46] [47] [48] [49] They have also been detected in adult OP rats at normal weight, although endogenous NPY, in addition to a suppression, may show no change or even an increase, depending in part on its level of sensitivity to the inhibitory actions of leptin and insulin. [7] [8] [9] 16, 50 These findings demonstrate that rats, identified as OP before puberty based on their slightly elevated weight gain, exhibit as adults a typical phenotype associated with obesity.
Of particular interest is that in OP animals after becoming obese on a high-fat diet at 100 days of age, this phenotype can similarly be seen at 35 days of age when the OP rats are only slightly elevated in their weight gain but still have minimal body fat. With little difference in energy intake and levels of leptin, insulin and metabolites relative to OR rats, the OP animals showed a significant decrease in the ratio of HADH/CS in muscle before puberty, indicating a reduced capacity for fat oxidation relative to total oxidative capacity. This characteristic has been detected in adult OP rats and is likely to be causally related to their propensity toward obesity, rather than a consequence of their over-consuming the high-fat diet which should increase HADH/CS. 13, 14 The prepubertal OP rats also exhibited increased expression of the orexigenic peptide GAL in the PVN, similar to results obtained in juvenile OP inbred mice. 34 A recent study in adult rats demonstrates that acute PVN injection of this peptide can reduce the capacity of muscle to metabolize fat, while increasing the metabolism of carbohydrate. 51 Moreover, when chronically administrated, PVN GAL stimulates weight gain and body fat accrual, specifically on a high-fat diet rather than a low-fat diet. This suggests that endogenous GAL when elevated in the PVN, rather than being a consequence of subtle, early changes in eating or body weight, may have an active role in producing these effects in prepubertal rats prone to obesity on a high-fat diet. This is supported by the finding here (Experiment 4) that PVN GAL expression is elevated in prepubertal OP rats in the absence of any change in energy intake or fat pad weights and also by published reports showing that PVN GAL shifts independently of these parameters. 14, 44, 52 With this peptide particularly responsive to circulating lipids and fat metabolism, it is believed to have a specific function of counteracting the inhibitory actions of dietary fat on carbohydrate balance, 53 which has the ultimate consequence of enhancing weight gain in OP animals. In direct contrast to GAL, the prepubertal OP rats at normal weight compared with OR rats exhibited a reduction in both NPY and AgRP in the ARC on the high-fat diet. This is similar to the result obtained in the 100-day-old OP rats after they had become obese (Experiment 2) and also similar to published evidence seen in prepubertal OP rats that had been raised in small litters or had already become obese. 54, 55 While these peptides are known to be inhibited by a rise in leptin or insulin, 56 levels of these hormones were not consistently altered in the prepubertal OP rats of the present study, indicating that they are unlikely to play a major role in producing the reduction in NPY and AgRP. Since these peptides are also known to be suppressed by the consumption of a high-fat diet, 14, 57 their role in stimulating the eating, weight gain and body fat accrual of prepubertal OP rats on this energy-rich diet remains unclear. The functions of these peptides are more evident under conditions of negative energy balance, when food is scarce and body weight is reduced. 46 
Conclusion
In male Sprague-Dawley rats, the present study describes a model that allows one to predict on the basis of prepubertal weight gain an animal's risk for adult obesity. This prediction is accurate and reproducible and can be made in prepubertal rats while they are still normal in their body weight and endocrine profile. This animal model, the first available in the literature, opens up a unique window into the prepubertal period of outbred rats, providing an opportunity for examining physiological and neurochemical mechanisms that may be causally related to an increased propensity toward obesity. In normal weight OP rats before puberty, the present study reveals specific metabolic and neuropeptide disturbances that are expected to promote obesity and are typically seen in adult OP rats after they have become obese. These mechanisms include a decreased capacity for fat oxidation in muscle and increased expression and production of the orexigenic peptide GAL in the PVN. Together, these findings validate the prepubertal weight-gain model for predicting obesity and thus pave the way for future studies of mechanisms underlying early development of obesity.
